In this study, the behavior of a single tricarboxylic acid derivative, 1,3,5-tris͑carboxymethoxy͒ benzene ͓TCMB, C 6 H 3 ͑OCH 2 COOH͒ 3 ͔ on a Au ͑111͒ substrate at 50 K has been investigated by molecular dynamics simulation. Four possible conformations of the TCMB molecule adsorbed on the Au ͑111͒ substrate are found and which display different trajectories of movement and dynamical behaviors. The lock-and-key geometry between the TCMB molecule of different conformations and atomic arrangement of the Au ͑111͒ surface was also observed. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2718485͔
The behavior of functionalized molecules absorbed on solid surfaces has been an important topic in self-assembly technology. 1 Such molecules can provide potential applications in nanotechnology. [2] [3] [4] In recent studies, the twodimensional molecular monolayer was successfully fabricated by physical adsorption of these molecules on a solid surface. 2, 3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] For example, the different geometric formations of the molecular monolayer can be controlled by the chirality of the adsorbed molecules, 5, 11 the lattice arrangement of the substrate surface, 6 the placement of functional groups, 7 the length of side chain, 2 backbone length, 3 permeated additive metal, 3, 8 and different adsorbed molecules. 13, 14 However, according to the morphologies obtained in the studies above, the experimental equipment has difficulties in directly observing the stationary morphology of adsorbed molecules at the atomic level of resolution. In order to compensate for the limitations of the empirical approach, molecular dynamics ͑MD͒ simulation is a useful method to observe the detailed behaviors of adsorbed molecules on solid substrates at the atomic scale. 4, [15] [16] [17] Therefore, in this study, MD simulation is employed to investigate the behavior of a single tricarboxylic acid derivative of 1,3,5-tris͑carboxymethoxy͒ benzene ͓TCMB, C 6 H 3 ͑OCH 2 COOH͒ 3 ͔ on the Au fcc͑111͒ substrate.
In the current study, the Au substrate with ͑111͒ surface consists of 12 layers and is arranged with one fixed layer at the bottom, two thermal control layers, and Newtonian atoms, with the TCMB molecule placed on the Au ͑111͒ surface. The Nosé-Hoover thermostat 18, 19 was performed in the thermal control layers to keep the temperature at 50 K. The total simulation time was 2 ns, and the relaxation time for equilibrium was performed for the first 400 ps. A further time duration of 1.6 ns was used to investigate the dynamical behavior of a TCMB molecule. The energy calculation and dynamics potential 20 was employed to model the atomic interactions in the TCMB molecule and the many-body tightbinding potential was employed to simulate the interatomic force between the Au atoms. 21, 22 The Dreiding force field 23 was adopted to describe the interaction between the Au ͑111͒ substrate and the TCMB molecule. Figure 1 shows that four possible conformations of the TCMB molecule can be found after being placed on the Au ͑111͒ surface. The arrows indicate the alkyl groups whose two hydrogen atoms directly interact with the Au atoms of the ͑111͒ surface. Accordingly, Figs. 1͑a͒-1͑d͒, designated as cases 1-4, display the TCMB molecule with zero, one, two, and three alkyl groups directly adsorbed by the Au ͑111͒ surface. Figure 2 shows the interaction energy between a TCMB molecule and the Au ͑111͒ surface. Averaged over time, the interaction energies from the strongest to the weakest strength are −7.33, −7.08, −6.80, and −6.26 kcal/ mol for cases 2, 1, 3, and 4, respectively. Every profile displays a significant fluctuation in the interaction energy, which is related to the rotational and translational motions of the molecule. However, because all cases show similar behavior, we will only use case 3 to examine the relationship between the energy fluctuation and dynamic behavior of the molecule, which will be discussed below. ing the adsorption mechanism, two labels are used to indicate the local minimum and maximum interaction energies for each profile in Fig. 2 . In Fig. 3 , these two labels are used to indicate the corresponding trajectory profiles for case 3. From the observation of trajectory profiles of the mass center of the TCMB molecule, it is evident that the TCMB molecule's local minimum interaction energy ͑label 6͒ occurs when it travels continuously in the proximity of a single Au atom, while the TCMB molecule's local maximum interaction energy ͑label 5͒ occurs while the TCMB molecule is moving progressively across the surface.
There are three conditions of molecule movement which are evident in Fig. 4 : both translational and rotational motions, neither translational nor rotational motion, and rotational motion only. Figures 4͑a͒-4͑c͒ show three profiles for case 3 from 0.4 to 2 ns: the mean square displacement ͑MSD͒ profile of the mass center of the TCMB molecule, the absolute value of the rotational angle profile, and the interaction energy profile. The MSD profile shows a gradual rise from 0.4 to 1 ns, while the rotational angle profile shows a variation. This indicates that the molecule is moving across the surface and has an intense rotational motion. At the durations marked A, B ͑1.03-1.10 ns, 1.30-1.40 ns͒, and D, the MSD and the rotational angle profiles maintain approximately constant values with only a slight fluctuation, which indicates that the TCMB molecule stops both its migration across the surface as well as its rotational motion on the Au ͑111͒ surface during these periods of time. These behaviors correspond to a drop to the local minimum energy ͓Fig. 4͑c͔͒ where the molecule displays geometric complementarity with the gold surface ͓Fig. 5͑c͒ at label 6͔. A detailed discussion of the structure of the lock-and-key ͑LAK͒ behavior for different cases of the TCMB molecule will be presented below. During the durations labeled B ͑1.10-1.30 ns͒ and C, the MSD and the rotational angle profiles show intense fluctuation; however, the TCMB molecule has also stopped its migration across the surface. This fluctuation is due to the rotational motion as the molecule rotates around a local site and becomes less stable. Hence the interaction energy also displays an intense fluctuation. We also found that the translational motion of TCMB molecule on the Au ͑111͒ surface is always accompanied by rotational motion because of the unevenness of the Au ͑111͒ surface. For the three other cases, although the MSD and the absolute value of rotational angle profiles are not shown in this study, they also maintain approximately constant values for the time durations at labels A, B, C, and D. These four labels are also circled in Figs. 3 to mark the four local trajectories of the TCMB molecule for case 3 as it does not migrate across the surface.
Figures 5͑a͒-5͑d͒ respectively show the snapshots of the TCMB molecule upon the Au atoms in the first layer for 1-4 ͑labels 1, 3, 6 , and 7͒, respectvely. 1, 3, 6 , and 7͒. Case 1 in Fig. 5͑a͒ , the geometry of the hexagonal phenyl complements the hexagonal network of ͑111͒ lattice arrangement ͑marked by a circle͒ and forms a LAK pair, which is the favorable adsorption orientation for a TCMB molecule on ͑111͒ Au surface for case 1. In other words, the mass center of the phenyl is atop a Au atom, so it is at the places atop the Au atoms-marked with circles labeled A, B, C, and D-are where the orientation for the LAK pair forms. Fig. 5͑b͒ at label 3 shows that two LAK pairs, including the phenyl and the two hydrogen atoms of the alkyl group with the Au ͑111͒ surface, circled in red, form at the minimum interaction energy. The two hydrogen atoms are locked in two adjacent threefold hollow sites of the Au ͑111͒ surface.
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For case 3 in Fig. 5͑c͒ , two red circles surround two LAK pairs which form where two hydrogen atoms of the alkyl group are adsorbed in two adjacent threefold hollow sites of the Au ͑111͒ surface. Because the hydrogen atoms of these alkyl groups increase the distance between the phenyl and the Au ͑111͒ surface, the LAK pair for the benzene base and the Au ͑111͒ surface does not appear in case 3. Accordingly, the center of the phenyl at the local minimum interaction energy is not atop a Au atom but is located at the threefold hollow site.
For case 4, although there are three possible alkyl groups which could form the LAK pair with the Au ͑111͒ surface, the geometry of a TCMB molecule with the conformation of case 4 only fits the arrangement of Au atoms to form two LAK pairs ͓see Fig. 5͑d͔͒ . Two hydrogen atoms of the other alkyl group, indicated by the arrow are located at the sites between two Au atoms, which are relatively unstable adsorption sites. The center of the phenyl is also located at the threefold hollow sites.
A detailed investigation on the orientations for cases 1-4 provides a clear clue to explain the strengths of the interaction energies for different conformations of the TCMB molecule on the Au ͑111͒ surface shown in Fig. 2 . The interaction energy of case 2 for two LAK pairs of the phenyl and hydrogen atoms of the alkyl group with the Au atoms is lower than the interaction energy for case 1, in which only one LAK pair forms between the phenyl and the Au atoms. Because the phenyl can be adsorbed on the Au surface with a larger area than the hydrogen atoms, the interaction energy of case 1 is lower than that of case 3. There are two LAK pairs in both cases 3 and 4. However, for case 4, the hydrogen atoms at the sites between Au atoms will cause its interaction energy to be larger than that of case 3.
The TCMB molecule on the Au ͑111͒ surface has been investigated by MD simulation and the results show that the TCMB molecule displays the significant differences on its LAK behavior for four cases. The translation motion of the TCMB molecule on the Au ͑111͒ surface always accompanied by rotation motion. At the local maximum interaction energy, the TCMB molecule will move and rotate progressively across the surface or rotate around a local site. At the local minimum interaction energy, the TCMB molecule at different conformations has different LAK arrangements between it and the Au surface, directly affecting the migration trajectories of the molecule because of the complementarity between the molecular shape and the Au ͑111͒ surface.
